The large subunits (LS) and small subunits (SS) of Fraction I protein from 57 species and cultivars of the genus Citrus, Fortunella and Poncirus were compared to analyze the phylogenetic relationships among them. C. medica only had different LS. P. trifoliata and C. reticulata had unique SS respectively. Fortunella species, C. hystrix, C. latipes, C. limon and C. grandis also had the other unique SS. We consider that C, medica and C. reticulata are the original species of the cultivated citrus of the genus Citrus, along with C. grandis presumably.
INTRODUCTION
Citrus is the major commercial fruit crop in the world. The taxonomic relationships of the species of the genus Citrus, however, have given rise to a certain amount of confusion since they produce both sexual and asexual progenies called `nucellar' embryos (Barrett and Rhodes 1976) . Two taxonomic systems have been generally proposed for this genus; one is Swingle's system (Swingle 1943) including 16 species and the other is Tanaka's system (Tanaka 1977) including 162 species. In recent years, several numerical taxonomic studies (Barrett and Rhodes 1976; Potvin et a1.1983; Handa and Oogaki 1985) and biochemical studies on isozyme patterns (Button and Spiegel-Roy 1976; Esen and Soost 1976; Esen and Scora 1977; Torres et al. 1982) , composition of flavonoids (Dass et a1.1978; Grieve and Scora 1980; Handa et al, unpublished data) and essential oils (Scora and Malik 1970; Shaw 1979 ) have been carried out enable the identification and classification of the species of the genus Citrus. Based on some of these experimental systematic analyses, only three basic taxa in the subgenus Citrus of the genus Citrus have been identified; C. grandis, C. reticulata and C. medica (Scora and Malik 1970; Barrett and Rhodes 1976; Torres et al. 1978; Potvin et a1.1983) .
Fraction I protein which is the major soluble protein component of green leaves accounts for more than 50% of the total soluble leaf proteins (Kung 1976) . It consists of two enzymes; ribulose-l,5-bisphoshate carboxylase and oxygenase (RuBisCO), and can be dissociated into large subunits (LS) and small subunits (SS) (Jensen and Bahr 1977) . It was revealed that the molecular weight of LS is about 55,000 and encoded by chloroplast DNA, whereas the SS with the molecular weight of about 13,000 are encoded by nuclear DNA (Kawashima and Wildman 1972; Miziorko and Lorimer 1983) . It was shown that electrophoresic data of the subunits can be used as reliable genetic markers to analyze the phylogenetic relationships among the species of the genus Nicotiana (Gray et al. 1974; Kung 1976; Chen and Sand 1979) , Triticum (Chen et al. 1975) , Lycopersicon (Uchimiya et al. 1979; Cammaerts and Jacobs 1981) , Brassica (Uchimiya and Wildman 1978) , Solanum (Gatenby and Cocking 1978) .
In this paper, we compared the subunits of Fraction I protein in leaves derived from many cultivars of the genus Citrus and its close relatives (Fortunella and Poncirus).
Then we show the phylogenetic relationships among them based on both nuclear and cytoplasmically controlled genetic informations.
MATERIALS AND METHODS
Fully expanded leaves of 51 Citrus, 5 Fortunella and 1 Poncirus species and cultivars were collected from the Fruit Tree Research Station, Okitsu Branch, Ministry of Agriculture, Forestry and Fisheries, Shizuoka (see Table 1 ).
The methods of extraction and direct electrophoresis of Fraction I protein were modified from Cammaerts and Jacobs's methods (1980) . Ten grams of leaves (fresh weight) were thoroughly ground in a mill with liquid NZ and then 10 ml sample buffer (50 mM Tris-HCI, pH 7.5,1 mM EDTA-2Na, 200 mM NaCI and 1 % 2-mercaptoethanol) and 2g PVPP were added. The homogenate was filtered through two layers of gauze and centrifuged for 10 min at 20,000 xg. The resulting supernatant was passed through a Sephadex G-25 column which had been preequilibrated with sample buffer. The column was eluted with the same buffer, and the clear yellowish eluaee was centrifuged for 30 min at 35,000 xg. The supernatant was concentrated two times by Immersible CX-30 (Millipore Corp.). The concentrate was divided into ten Eppendorf tubes and 10% glycerol and 0.2% BPB were added. Some of the samples were used immediately and others were stored in a deep freezer (-80°C).
The first polyacrylamide gel electrophoresis was performed by the method of Cammaerts and Jacobs (1980) . The gels were stained in a solution consisting of 0.1% CBB R-250, 25% ethanol, and 10% acetic acid for 1 min and destained in a solution made of 25% ethanol and 10% acetic acid for a few minutes.
The clearly visualized Fraction I protein bands were cut out of the gel and shaken for 1 h in 1 ml of the incubation buffer (0.5 M Tris-HC1, pH 8.5, 8 M urea, 0.5 mM EDTA,1% ampholine, pH 5.0-8.0, 50 mM DTT and 5% sucrose). Then the gel slices were transferred into the holes of an isoelectric focusing gel, which contained 7.2% acrylamide, 0.14% methylenebisacrylamide, 8 M urea, 0.02% TEMED and 1.2% ampholine (mixture of 2;1 at pH 3.5-9.5 and pH 5.0-8.0), and 0.03% ammonium persulphate used for polpmerization.
After running for 18-20 h at 300V, the slab gel was soaked in TCA buffer (6% TCA, 4 % 5'sulf osalicylic acid and 25% McOH) for 3 h, stained for 1 h and then destained until the Fraction I protein bands could be clearly visualized.
RESULTS
As indicated in Fig. 1 LS or SS, the isoelectrof ocused polypeptide bands were cut and subsequently each band was subjected to SDS gel electrophoresis.
The isoelectrof ocusing pattern of the Fraction I protein in Citrus and its relatives can be divided into six groups from the combinations of LS and SS
(Fig. l and Table 2). Group 1 is composed of LS I and SS c and d, and includes most of the Citrus species and cultivars. Group 2 is composed of LS I and SS d, and includes most of C. reticulate.
Group 3 is composed of LS I and SS c, and includes the Fortunella species, C. hystrix, C. latipes, C. limon and C.
grandis. Group 4 is composed of LS I and SS c and b which is very close to c, and includes C. ichangensis alone. Group 5 is composed of LS I and SS a, and includes Poncirus trifoliata alone. Group 6 is composed of LS II and SS c, and includes C. medica alone.
DISCUSSION
It is usually difficult to analyze Fraction I protein in Citrus leaves by the standard techniques (Cammaerts and Jacobs 1980) , probably due to their very high content of phenolic compounds. Therefore we added to the extraction medium several agents; liquid N2, 2-mercaptoethanol, PVPP, EDTA and Sephadex G-25, and our method of purifying this protein can thus be applied to other plants rich in phenolic substances. This is the first report in which the analysis of this protein has been applied to woody plants.
In our materials LS resolved into three equally spaced polypeptide bands as reported in other plants (Hirai 1978) , but there were differences in the density level among these three bands. Most of the SS in the genus Citrus and its close relatives had more alkaline isoelectric points than the LS, which is similar to the pattern observed in Gossypium arboreum (Chen and Meyer It is recognized that LS are encoded by chloroplast DNA. Therefore, the evolutional speed of LS is much slower than that of SS, whose frequency of mutation has been estimated to be about one for 108 years in tobacco (Hirai 1978) . Citrus and its related genera have two types of LS. Most of the species and clones have LS type I, suggesting that the genus Citrus, Fortunella and Poncirus are closely related to one another.
In addition the chromosomal numbers of these three genera are identical (2n =18) and it is evident that hybridizations can be made among them. LS type II is seen only in the plants which belong to the C. medica taxon, i.e., citron, Fingered citron and Etrog citron. These results suggest that C. medica is a species of the original type in Citrus, which has differentiated from other species. This conjecture is supported by results obtained in numerical taxonomic studies based on morphological characters (Barrett and Rhodes 1976; Handa and Oogaki 1985) and biochemical studies (Esen and Scora 1977; Potvin et al. 1983) .
Small subunits consist of five polypeptide bands, and they can be divided into six groups based on their isoelectrof ocusing pattern. SS a is different from the other SS and is found only in group 6. This finding is also consistent with the unique character of C. medica which is classified as group 6. SS a has the highest isoelectric point and is the characteristic band of group 5. Therefore, Poncirus tri f oliata might have been separated from the genera Citrus and Fortunella in an early period. In fact, P. trifoliata shows different morphological characters and flowering time compared with the species of the genera Citrus and Fortunella.
Group 2 has SS d only and group 3 has SS c only. These results suggest that the species in the two groups including Fortunella species, C. hystrix, C. latipes, C. grandis and C. reticulata, might have been the next ones to have differentiated in an early period. C. limon is, however, included in group 3, since other studies have shown that this species is a hybrid origin (Malik et al. 1974; Scora 1975) . We also consider that C. limon may be a hybrid derived from species included in group 1, 3 or 6 that contain SS c. C. ichangensis included in group 4 contains SS b which is very close to SS c. It is most likely that this species has been derived from group 3 that has SS c. Since group 1 contains SS c and d, we propose that C. aurantifolia, C. jambhiri, C. paradisi, C. aurantium, C. sinensis, C. tachibana, C. junos, C, limonia, C. nobilis and some cultivars of C. reticulata have hybrid origins. This hypothesis is supported by the fact that many artificial hybrids within the genus Citrus also contain SS c and d. C. reticulata belongs to both group 1 and group 2. This species shows a wide diversity in its morphological characters (Swingle 1943; Barrett and Rhodes 1976) . Our results suggest that this species includes several hybrid cultivars within the taxa. In conclusion, Fig. 2 summarizes the phylogenetic relationships of the Citrus, Fortunella and Poncirus genera based on the present studies of Fraction I protein. However it remains to be determined which species differentiated earlier among those in group 2, 3 and 5. Based on the reports mentioned above, it is assumed that the species in group 5 differentiated earlier.
We also consider that C. medica, C. reticulata and C. grandis are the original species of the cultivated citrus fruits of the genus Citrus, for their unique isoelectrof ocusing patterns of Fraction I protein.
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